ABSTRACT High piezoelectric sensitivity and large hydrostatic parameters are discussed for two types of 1-3-type single crystal/auxetic polymer composites. The single crystal components selected are based on lead free (K,Na)(Nb,Ta)O3 and (Li,K,Na)(Nb,Ta)O3 solid solutions, and the auxetic polymers are characterised by Poisson's ratios -0.83  -0.29. The composites examined exhibit advantageous properties over conventional lead-based piezo-active composites and ceramics such as high longitudinal piezoelectric coefficient
Introduction
Piezo-composites are an important group of modern smart materials with tailored and high-performance properties. As a rule, these composites are based on perovskite-type ferroelectrics -either poled ceramics (often of the PZT or PbTiO3 type) or domain-engineered single crystals (SC) such as (1-x)Pb(Mg1/3Nb2/2)O3-xPbTiO3 (PMN-xPT) and (1-x)Pb(Zn1/3Nb2/2)O3-xPbTiO3 [1, 2] . In the last decade environmental concerns have led to attempts to eliminate lead-based materials from consumer items, including piezoelectric transducers, sensors and actuators. The need for lead-free ferroelectrics gives rise to the challenge of finding an alternative [3] , to conventional lead-based ferroelectric ceramics and single crystals, which exhibit high piezoelectric activity to enhance the effective electromechanical properties of piezo-composites [2] . Recent experimental 2 studies of ferroelectric modified niobate solid solutions [4, 5] suggest that these lead-free materials in the form of SCs can be used as the main component in modern composites, for instance, due to large piezoelectric d33 and g33 coefficients (see, e.g., Table 1 ). However no work on the piezoelectric performance of lead-free composites is yet to be published, and no trends in the use of lead-free ferroelectric SCs or ceramics have been discussed in the context of composite components, design and properties. The aim of this paper is to provide the first detailed demonstration of ability to achieve high-performance novel piezo-composites based on the SCs from Table 1 . Such data will provide composite designers routes to design lead-free piezo-composite transducers with predictable and useful properties.
1-3-type composites and their effective parameters
The composite considered is shown in Fig.1 . The polymer is a passive auxetic microporous polyethylene (PE-n, n= 1,2,... 9) with a negative Poisson's ratio whose elastic properties have been reported in [6] , and are shown in Table 2 . It is assumed that the relative dielectric permittivity of PE-n equals 2.3, as is the case for monolithic PE [7] . As a result of the microporous structure of the PE-n [6] matrix ( Fig.1 ) the composite is described by a 1-3- connectivity, i.e., it belongs to the 1-3 type in terms of work [2] .
The effective electromechanical properties of the composite in Fig.1 are determined using the matrix method [2] . For m=const the elastic compliances Fig.2 ,a,c in comparison to those in Fig.2 Q ) 2 change in wide ranges, as seen in Fig.3 ,a,c, while undergo minor changes (Fig.3,b,d ) when replacing PE-n at m=m* from Eq.(1). Due to the 1-3-type composite structure (Fig.1) , the condition
k is valid with an accuracy to 3% at m=m*. The correlation between the volume fraction m* and Poisson ratio  (Fig.3,e) 
Conclusions
The letter provides the first detailed examination of lead-free 1-3-type SC/auxetic PE-n composites which can be regarded as advanced materials with high piezoelectric sensitivity The results indicate there is potential for the use of lead-free piezo-composites as active elements of piezoelectric sensors, transducers, hydrophones, acoustic, and energy-harvesting devices. (KNN-TL) [5] 17.2 -5.11 -10.7 27.0 15.4 13.9 -163 354 171 1100 790 
